* S Supporting Information ABSTRACT: We use in situ transmission electron microscopy to directly observe, at high temporal and spatial resolution, the interaction of ferroelectric domains and dislocation networks within BiFeO 3 thin films. The experimental observations are compared with a phase field model constructed to simulate the dynamics of domains in the presence of dislocations and their resulting strain fields. We demonstrate that a global network of misfit dislocations at the film− substrate interface can act as nucleation sites and slow down domain propagation in the vicinity of the dislocations. Networks of individual threading dislocations emanating from the film−electrode interface play a more dramatic role in pinning domain motion. These dislocations may be responsible for the domain behavior in ferroelectric thin-film devices deviating from conventional Kolmogorov−Avrami−Ishibashi dynamics toward a Nucleation Limited Switching model. KEYWORDS: In situ TEM, ferroelectric domain switching, multiferroic, strain E lectric-field tuning of magnetism via exchange bias coupling permits construction of a range of sensors and tunable devices made of magnetoelectric materials such as BiFeO 3 . 1−4 Experimental demonstration of direct electric field induced tuning of magnetism has been achieved using multiferroic heterostructures, 1,4−7 but the behavior of magnetization was found to be critically controlled by the dynamics of ferroelectric domains of BiFeO 3 . As a result, one of the outstanding challenges in the realization of room temperature magnetoelectric memory devices today is the need to develop a better understanding of ferroelectric domain dynamics in nanostructured multiferroic films. Traditionally, two main models have been used for ferroelectric switching: the Kolmogorov−Avrami−Ishibashi (KAI) and the Nucleation Limited Switching (NLS) models. 8, 9 In nanoscale device geometries, ferroelectric switching behavior can deviate from the widely accepted KAI model, possibly due to microstructural defect and interface density. 8, 9 Point defects, dislocations, and other domain walls can all act as pinning centers for domain motion. 10−16 Both theoretical and experimental studies have shown that strain fields around threading dislocations result in ∼1 nm "dead" areas (near-zero polarization), which pin domain walls. 10, 16, 17 Variations in Burger's vectors of misfit or threading dislocations have also been shown to alter local domain morphology and nucleation behavior. 12 While the KAI model is typically used to describe domain switching in bulk and microscale ferroelectrics, the NLS model has been found to better fit thin-film devices and nanoscale capacitors. 19 The NLS model treats ferroelectric switching as nucleation-limited, in which the ratio of nucleation sites (i.e., defects and domain walls) to nuclei per unit volume increases with shrinking device geometries. Three factors that control device performance must be explored experimentally: (1) switching speed of ferroelectric domains, (2) ferroelectric domain size and density, and (3) the stability of the domains. A crucial limiting factor during switching is that the elastic interactions can affect stability of switched domains, which can lead to an erasing of nonvolatile information storage. 20, 21 Domain wall mobility and morphology are directly impacted by their surrounding environment (i.e., local microstructure and chemistry). 22 In ferroelectric materials, dislocations can cause domain wall pinning and local changes in polarization stability. [10] [11] [12] [13] [14] 18 To fully understand domain stability in the presence of defects (found in devices), ferroelectric switching should be analyzed in an environment and geometry that mimics that of the device. Various techniques have been employed to study ferroelectric domain dynamics at the nanoscale, 7,14,17,23−33 including recent efforts using transmission electron microscopy (TEM). 17,26−28 In many of these studies, 27,28 a localized applied bias was used, similar to that utilized in piezoresponse force microscopy. While such experiments provide insight into highly localized domain behavior, they failed to show global domain−domain interactions due to limitations of the localized probe. Moreover, while defect−domain and domain−domain interactions were discussed, the role of defects and strain in domain evolution was not elucidated.
In this letter, through the use of in situ and high-resolution, aberration-corrected TEM coupled with phase field modeling, we find that local domain kinetics can deviate from the KAI model locally; globally, however, the KAI model is an accurate model of domain kinetics. Specifically, we investigate the contribution of strain fields resulting from the formation of dislocations to produce a quantitative description of domain behavior and stability. Our correlative approach to the study of domain evolution in electric fields provides a direct, quantitative measurement of the role of localized strain components (tensile and compressive) in ferroelectric switching. The work presented herein provides insight into the switching behavior of devices containing significant defect densities and directly shows the interactions between dislocations and domain walls, revealing a preference for domain nucleation to locally follow the NLS model over the KAI model, while the global behavior follows the KAI model. 17 The results prove that the direct impact of strain and defects is a crucial factor for determining the appropriate switching mechanism for ferroelectric domains in nanoscale device architectures.
Our experimental approach, described in refs 17 and 26 enables real-time monitoring of an entire device structure during in situ operation at length scales capable of probing onedimensional defects (dislocations) and their interaction with moving ferroelectric domain walls. As described in the Supporting Information, the films used were grown with inplane electrodes, which eliminate the sample surface−probe tip barrier present in experiments using scanning probes to initiate ferroelectric switching and thus the presence of asymmetric electronic boundary conditions, which give rise to internal biases in the material that impact switching dynamics. The large field of view permits the simultaneous observation of all ferroelectric domains within the volume of a device as well as the real-time interaction of domains with other domains and dislocations under bias. Real-time imaging of the ferroelectric device under bias (plan view) enables the construction of nucleation maps covering large areas that reveal the exact location of newly formed domains, the quantification of the density and sites of domain nucleation, and the isolation of test cases for quantifying how domain wall propagation and relaxation velocities are affected by the presence of the dislocations in the as-grown device assembly. By comparing a set of images extracted from in situ video, before, during, and after a few hundred milliseconds after the initiation of a voltage pulse, the changes in the domain structures due to nucleation and propagation are isolated. These nucleation maps serve as a visualization of the global domain nucleation behavior at a glance ( Figure 1 ). The prebias domain configuration and area analyzed are depicted in Figure 1a , and the nucleation map is shown in Figure 1b . Nucleation events are observed predominantly at the existing domain walls. The domains nucleate along existing walls, which run along both the [100] and [010]. The nucleated domains, however, are driven primarily along the [010] direction under the applied electric field.
While it is known that the NLS model takes domain−domain interactions into account, the direct effect of dislocations and their strain fields needs to be addressed to fully understand the deviation of domain switching from the KAI model. The strain fields associated with both the threading and misfit dislocations present in the sample depicted in Figure 1 contribute heavily to the overall nucleation and switching behavior of the thin-film structure. Plan view TEM imaging reveals a network of misfit dislocations at the interface between the film and substrate and a network of threading dislocations at the film−electrode interface ( Figure 2) . These misfit dislocations form as a result of the growth conditions to accommodate for the lattice mismatch between the BiFeO 3 films and SrTiO 3 substrate. As the epitaxial film has a larger lattice parameter (pseudocubic, 3.96 Å) versus the substrate (3.905 Å), the film is under compression and forms misfit dislocations in order to accommodate the strain. Both domains and misfit dislocation networks are clearly visible by orienting the electron beam to excite sets of {110} using low index reflections. The density of dislocations in the orthogonal network (Figures 2a,b) with Burger's vectors b = [100] is ∼1.8 × 10 9 cm −2 and for dislocations with b = [010] is ∼2.0 × 10 9 cm −2 . The density of such dislocations dictates that every domain visible in Figure 1 crosses at least one misfit dislocation and that the domains contain at least one misfit dislocation running parallel to the long axis. Cross-sectional analysis of the films using aberrationcorrected TEM reveals that domain walls are entangled with dislocations and point defect clusters. Figure 2d shows a 71°d omain wall with a defect structure near the film/substrate interface. HRTEM of this area reveals one large defect present at this domain wall (Figure 2e ). Inverse fast Fourier transforms (IFFTs) formed using the (100) and (−100) reflections inside the boxed regions reveal an edge-type dislocation at the intersection of the domain and the SrTiO 3 substrate, which can add electrostatic potential and potentially lead to domain nucleation or pinning. 34 On the basis of the microstructure shown in Figures 1 and 2 , three unique behaviors are analyzed by outlining and tracking three domains using frames from the in situ videos captured under an applied bias of ∼115 V/cm (Figure 3) . These domains are chosen as test cases to provide a comparison for the evolution of the morphologies of each of these domains versus time, highlighting differences related to the microstructural environment surrounding the domains. Domain 1 is primarily unhindered by other domains in the as-grown configuration (however, newly nucleated domains do interact with domain 1 during biasing). Domain 2 is bordered on the left and right sides by threading dislocations. Domain 3 is in an environment similar to that of Domain 1, with the addition of other domains in close proximity. A voltage was applied for ∼600 ms and then switched off, allowing the domains to relax. Domain 1, relatively unhindered, expanded in area over the entire ∼600 ms during which the voltage was applied. Other nucleated domains visible to the right of domain 1 do hinder its expansion, or increase of lateral domain size, resulting in an asymmetric domain shape. Domains 2 and 3, both of which were corralled by neighboring domains or defects, remained constant over time until ∼600 ms. Immediately after 600 ms, as the bias is turned off, domains 1 and 3 began to reverse their direction of propagation and relax. Domain 3 fully relaxed before domain 1 due to its smaller size and domain−domain repulsion. While the size of the relaxed domain is linked to the rate of relaxation, it is not the sole contributing factor. Domains 1 and 3 fully relaxed at different times, but at a roughly equivalent rate. Domain 2, however, relaxed at a dramatically slower rate, continuing to shrink well after the field was removed, due to its proximity to two threading dislocations. The threading dislocations adjacent to and pinning domain 2 originated from this dislocation network. Because this domain dislocation network can support the nucleation of new domains and retard the dynamics of those nucleated domains, 15 it can have a strong effect on the polarization dynamics of these devices.
By exploring the role of compressive versus tensile misfit dislocation networks further through phase field simulation, 35 we have shown that the strain from a compressive dislocation can retard the forward and relaxation velocity of domains within the vicinity of the dislocation. Domain nucleation can also be enhanced by these dislocations. To initiate domain propagation in a manner representative of the experiments, a lateral electric field (200 kV/cm) was applied along the BiFeO 3 [110] crystal direction, and a nucleated domain (blue) was introduced at a compressive misfit dislocation along the [010] direction (black line in Figure 4a ). This domain grew and propagated under the influence of the applied field and then relaxed when the field was turned off. From these simulations, images were created showing the lateral expansion of a single domain along a misfit dislocation (Figure 4a ), which were then used to plot the projected domain area versus time (Figure 4b ). Three different configurations were simulated. First, without the presence of a dislocation, the domain growth and relaxation were the fastest. In the experimental data, domain 1 corresponds to this type of domain growth. The introduction of a compressive dislocation was found to slow both the domain growth and relaxation rates as shown in Figure 4b . Increasing the number of atomic layers of the compressive dislocation further reduced the growth and relaxation velocities of domains along the dislocation, consistent with our experimental observation of domain 2, which clearly grew along the threading dislocation in Figure 2b . The opposite effect was observed for simulated tensile misfit dislocations in that the domain growth and relaxation velocity increased along these dislocations.
The simulation results reveal that compressively strained dislocations with [010] Burger's vector act to reduce domain wall velocity along the length of the dislocation. Increasing the compressive strain around the dislocation was found to further decrease the domain velocities near these dislocations. Compressive dislocations with [100] Burger's vectors were revealed to act as nucleation sites, allowing newly forming domains to nucleate ahead of existing propagating domains. The reduction of domain wall switching energy in the vicinity of this type of dislocation enables it to act as a nucleation site, which is consistent with Figure 1b . For comparison, frames were extracted from in situ video examined with the corresponding changes in domain areas from Figure 3 plotted over time (Figures 4c,d) . Figure 4c Figure 4d for comparison to the modeling results with domains near threading dislocations that exhibit compressive strains acting as pinning or stabilizing sites as predicted by the model. Under the influence of the applied field, the existing propagating domains and those nucleating at the dislocation coalesce, which is consistent with experimental observations.
The modeled and experimentally observed domain dynamics indicate that the presence of dislocations impacts domain kinetics, and most importantly, the strain relationship of these dislocations to the thin film in the device appears to be the controlling factor in domain nucleation, growth, and relaxation. The misfit dislocation network, though it shows different densities along the two orthogonal directions, is a global defect network. All parts of the BiFeO 3 thin film between the electrodes show very similar misfit dislocation networks. As shown in the phase field model presented, the network of tensile misfit dislocations do not directly affect the domain wall velocity under applied bias. Intersections of the misfit dislocations have been observed to act globally as nucleation sites during the domain switching process. Threading dislocations, especially the network formed at the electrode− film interface, are not uniformly distributed through the volume of the BiFeO 3 film. Because of the threading dislocations being present in the bulk of the film and thus contributing both a tensile and compressive strain to the surrounding film, the predicted domain wall behavior due to compressive strain can occur. The density of threading dislocations can thus strongly affect domain kinetics, as parts of the BiFeO 3 film with many threading dislocations will show different domain kinetics than others with a lower concentration of these defects. Such an influence is clearly observed in the experimental in situ videos and provides an explanation as to why deviations from the KAI model can occur.
Our experiments show that while domain switching generally, or globally, follows the KAI model, interactions between single domains and single dislocations can locally alter the behavior and kinetics of domain switching. The experimental nucleation maps, however, show that domain nucleation occurs simultaneously, within the temporal resolution of the technique, at domain walls. The compartmentalized model of nucleation described by the NLS model does not agree with the experimental evidence, as domain nucleation is observed globally at existing domain walls. While enhanced nucleation of domains was observed at defects and along domain walls providing favorable energetic states as predicted by the NLS model, the overall switching behavior more closely follows the KAI model. Separating the sample into elementary units can be used to determine where nucleation will occur; however, the global behavior observed in these experiments further validates the KAI model as dominating domain wall motion.
We demonstrate that the ability to observe domain propagation and relaxation at time and length scales that reveal fundamental domain behavior using our in situ biasing experiments. The results are comparable with those produced by piezoresponse force microscopy, yet the temporal resolution of this in situ technique permits study of the intermediate behaviors involved in ferroelectric switching. Moreover, the range of spatial resolutions available in the TEM and the sensitivity of the technique to defects and dislocations enables the capturing of domain−defect and domain−domain interactions, an advantage over piezoresponse force microscopy. The influence of certain types of compressive dislocations is shown to impact the domain kinetics of ferroelectric domain switching. These compressive dislocations, due to their effect on domain nucleation and domain velocities combined with their bunched distribution through the volume of the film, may explain why these BiFeO 3 devices exhibit local kinetics, which deviates from the expected KAI model. Globally, however, the experimentally observed nucleation and propagation behaviors support the KAI model of domain kinetics. Domain−defect interactions are found to be highly local, limited to single domain and single dislocation interactions, while most switching and nucleation is observed to occur globally and within concurrent timeframes. The combined temporal and spatial dynamics thus show that domain behavior can be very different at the nanoscale and macroscale; by capturing both scales simultaneously, we are able to provide a unique view to how mesoscopic domain behavior form from microscopic dynamics.
